TPVs has been shown to be dominated by infrared radiation. Here we test the hypothesis 7 that while radiation alone may not be essential for TPV genesis, radiation has a substantial 8 impact on the long-term population characteristics of cyclonic TPVs.
given in Section 4. Ertel potential vorticity (EPV), used here to define vortex intensity, is given by
where ρ is the density, ω a = ω + 2 Ω = ∇ × U + 2 Ω is the absolute vorticity, U = (u, v, w) 87 is the three-dimensional velocity vector, and Ω is the Earth's rotational vector. Potential 88 temperature is defined by
where T is temperature, p is pressure, p o = 10 5 Pa is a standard constant, R = 287 J K 
Diagnosing (3) from numerical model data, CH10 showed that cyclonic TPV intensity change 100 in the Canadian Arctic was largely due to radiative forcing, which result in a positive EPV c. Vortex identification
144
The tropopause is defined by the 2 PVU surface (1 PVU is 1 × 10 −6 K kg −1 s −1 m 2 ), and 145 cyclonic TPVs are identified and tracked using an objective tracking algorithm described in the last closed contour 2 and the local minimum in potential temperature (hereafter the core 148 value). Vortices are filtered as in Hakim and Canavan 2005 and Cavallo and Hakim 2009, 149 to include only those that spend at least 60% of their lifetimes north of 65
• N latitude.
150
Higher horizontal grid resolution can result in a very fine vortex structure leading to the 151 premature identification of the last closed contour. The algorithm is adjusted to account for 152 this possibility by taking the median radial value as the last closed contour. 2 To define the last closed contour, eight equally spaced radials are defined from the location of minimum tropopause potential temperature. The last closed contour is the minimum potential temperature value along the eight radials at the location of the sign reversal.
point but not a corresponding lysis point, and vice-versa for each unique vortex track. In general, the number of vortex points categorized in the following mesoscale vortex census is 167 much greater than from NNRP, likely due to higher horizontal grid resolution. compared to 734 km (768 km) during winter (summer) in NNRP (Figs. 2c,d) . Again, 192 differences in mean cyclone radius are attributed to finer horizontal scales resolved by the 193 WRF simulation.
194
The lifetime of cyclones can be reasonably approximated by exponentially decaying 195 distributions for both WRF and NNRP (Fig. 3) . While the cyclone lifetime pattern in
196
WRF is similar to NNRP during winter (Fig. 3a) , WRF produces a greater number of 197 cyclones with longer lifetimes than NNRP during summer (Fig. 3b) (Fig. 4a) ; a polar minimum in track density is notable. The highest cyclone track densities in 216 WRF are concentrated mainly along the northern and western coast of Greenland, and over
217
Baffin Bay, the Beaufort Sea, and the southwestern Barents Sea (Fig. 4c) . Track densities 218 are generally greater in WRF over the Arctic Ocean, whereas they are greater in NNRP 219 primarily over Siberia, the Bering Strait, and the Canadian Arctic (Fig. 4e) . During the 220 summer, NNRP track densities are greatest near Baffin Island, with additional maxima near 221 Novaya Zemlya, the Greenland Sea, and the East Siberian Sea (Fig. 4b) . WRF cyclones track 222 primarily in the western Arctic Ocean, Canadian Arctic, and Greenland-Iceland-Norwegian
223
(GIN) Seas (Fig. 4d) . The overall pattern is similar to winter, where cyclone tracks tend to 224 be greater in WRF than in NNRP over the Arctic Ocean (Fig. 4f) , lending more evidence 225 that differences are likely due to the polar filter of NNRP discussed earlier, which could act 226 to limit vortex tracks across the pole.
227
To understand the differences between NNRP and WRF, we examine the time-mean 228 flow patterns, as represented here by the composite 500 hPa height fields in Fig. 4 . During 229 winter, there is a 500 hPa height minimum over Baffin Bay, while there is a relatively strong 230 trough axis over the central part of northern Siberia in NNRP (Fig. 4a) . Large cyclone track 231 densities are located along the periphery of the 500 hPa height minimum over Baffin Bay, and 232 at the base of the trough axis in Siberia; that is, these climatological troughs are favorable 233 locations for cyclonic TPVs. For WRF, 500 hPa height minima are centered over northern
234
Canada and over northern Siberia (Fig. 4c) . Cyclone track densities are focused primarily 235 along the northern coast of Greenland and downstream of higher topography on Greenland.
236
Genesis density is also greatest along the northern coast of Greenland (not shown); flow over 237 topography is capable of generating potential vorticity by dissipation (e.g. Schar and Durran 238 1997; Chen et al. 2007) , and therefore could be responsible for the higher cyclone density 239 in this region. DJF difference fields reveal a bias towards higher 500 hPa heights in WRF, 240 greatest near Greenland and over the Arctic Ocean near Severnaya Zemlya (Fig. 4e) . During We now examine the simulated climatological impact of radiation on cyclonic TPVs 263 during both winter and summer, beginning with the changes to the atmospheric circulation.
264
During winter, the zonal winds are westerly, or cyclonic around the pole (Fig. 5a ). The TPVs generally track poleward during both winter and summer in both the control and 301 experimental climatologies. This is consistent with the poleward motion expected near the 302 tropopause inferred from the meridional streamfunction at these latitudes (cf. Fig. 6 ).
303
Regarding cyclone amplitudes, during winter, vortex amplitude increases (decreases) over 304 time in the full physics (no radiation) simulated climatology (Fig. 7c) . By the end of the 305 five-day period, vortex amplitudes are 25% smaller on average without radiation. During the 306 summer, vortex amplitude increases at nearly the same rate for both climatologies during closer in proximity to locally lower 500 hPa heights and where the 500 hPa flow is weaker. respectively. In the full physics winter simulated climatology, the composite vortex core 370 potential temperature is 269 K, with a vortex amplitude of 30.8 K (Fig. 11a) . Vortex 371 core potential temperature is 291 K without radiation, with a vortex amplitude of 21.6 K 372 (Fig. 11c) . Note that potential temperature is greater over the whole domain in the no 373 radiation composite (Fig. 11e) , due to the absence of longwave radiative cooling as discussed is 291 K with a vortex amplitude of 28.2 K (Fig. 11b) . In the no radiation composite, vortex 378 core tropopause potential temperature is 304 K with an amplitude of 20.7 K (Fig. 11d) , with 379 reductions of tropopause potential temperature at the vortex core of sim13 K relative to 380 the full physics composite (Fig. 11f) 
385
Vertical west-east cross sections through the composite vortex show differences in poten-386 tial temperature and EPV between the full physics and no radiation climatologies (Fig. 12) .
387
During winter, potential temperature changes are anomalously negative in the vortex core 388 near the tropopause without radiation, while anomalously positive potential temperature 389 changes are present above and below the negative anomalies respectively (Fig. 12a) . Recall- as the vortices are weaker and there is a higher average tropopause (Fig. 13a) . With 395 radiation, anomalous radiative heating is centered about the vortex tropopause (Fig. 13c ),
396
and is located near where the air is anomalously dry from the downward intrusion of 397 stratospheric air.
398
Under the vortex tropopause and near the surface, potential temperature is higher,
399
partially from the hydrostatic response of weaker vortices on average, but also because 400 background tropospheric potential temperature is higher near the center of the domain at 401 higher latitudes. Fig. 14a shows that given the location of most frequent cyclones (near to the absence of longwave cooling that would occur over high latitudes with radiation.
408
Recall that over lower latitudes, some of the longwave cooling is offset by shortwave heating,
409
resulting in a greater potential temperature increase over higher latitudes and near the 410 center of the cross section without radiation. Note that due to the anomalous warming 411 above the vortex near 125 hPa without radiation, there is an anomalous increase in potential 412 temperature with height, resulting in more EPV ∼250 hPa (Fig. 12c) . The net EPV tendency 413 differences reflect the reduced radiative heating and cooling anomalies that are associated 414 with the dry, stratosphere air in the presence of radiative forcings (Fig. 13e) .
415
During summer, anomalously positive (negative) differences in potential temperature are 416 present below (above) the vortex tropopause (Fig. 12b) , resulting in less EPV in the vortex 417 core without radiation (Fig. 12d ). Relative humidity differences are similar to the winter 418 climatology, where weaker vortices lead to relative humidity increases near the tropopause 419 without radiation (Fig. 13b) . A notable difference from the winter case are the decreases 420 in tropospheric relative humidity under the vortex core, which reflects the greater amount 421 of tropospheric water vapor during summer. This is also evident in the radiative heating 422 differences where, with radiation, anomalous radiative cooling (heating) is present near areas 423 of anomalous decreases (increases) in relative humidity with height ( Fig. 13d ), consistent 424 with the findings of CH10. The anomalous potential temperature differences follow from the 425 anomalous radiative heating differences, with potential temperature decreases (increases) 426 located above (below) the tropopause without radiation (recall Fig. 12b ).
427
Note that there is an asymmetric potential temperature and EPV change without ra-428 diation, with the dipole-like potential temperature pattern extending eastward and upward
429
∼1500 km from the vortex core (Fig. 12b,d ). This pattern is also evident in the relative 430 humidity differences (Fig. 13b) . In Fig 14b, 
